1. Introduction {#sec1}
===============

Traditional Portland cement-based mortars (OPC) are the most widely used materials in the world of construction. This industry is continually facing problems of significant social transcendence in the economic, energetic, and ecological fields due to the high level of production. The most direct damage of OPC production could be related to the amount of the CO~2~ emitted. CO~2~ is one of the greenhouses gas effects, causing gases. This industry uses large amounts of energy during the processes, which are supplied by burning fossil fuels. It is estimated that for each metric ton of cement, 1.5 MT of raw material is consumed and emitted to the atmosphere 0.8 MT of CO~2~ \[[@bib1]\].

About 5--7% of total CO~2~ emissions in the world are the product of the cement \[[@bib2], [@bib3]\]. After all carbon dioxide is one of the main compounds that cause the greenhouse effect \[[@bib4], [@bib5]\] which is released to the environment while the limestone reaction (CaCO~3~) reaches temperatures around 900 °C, being subjected to calcination and causing the formation of calcium oxide and carbon dioxide \[[@bib6]\].

OPC-based concrete has many negative impacts that affect its characteristics and properties such as chemical attacks, corrosion, low resistance to high temperatures, cracking, *etc*. \[[@bib7]\]. In spite of this, geopolymers and geopolymer based mortars or concretes have advantages for the disadvantages mentioned for OPC and its derivatives \[[@bib8]\].

Bhutta et al. \[[@bib9]\] used different fibers to reinforce fly ash-based geopolymer mortars. They reported that steel and polyvinyl alcohol fibers could improve both compressive strength and flexural behavior of the geopolymer mortar.

Recently, the life cycle analysis of geopolymers and their derivatives has been reported by various researchers \[[@bib10], [@bib11]\]. Passuello et al. \[[@bib11]\] studied the life cycle analysis of geopolymer, which are based on kaolin residues from Brazilian mines, indicating that NaOH and sodium silicate productions and thermal curing are the most impacting processes in geopolymer synthesis. Besides, the authors have used a modified rice husk, which was locally available for the production of sodium silicate and reported that this sodium silicate could reduce the adverse environmental effects at least 60 %.

Punurai et al. \[[@bib12]\] replaced the fly ash content with basalt fibers to synthesize hybrid geopolymer paste and evaluate the mechanical properties, microstructure, and drying shrinkage of the paste, resulting in high mechanical strength and decreased drying shrinkage reducing the total porosity and critical pore size of the paste. Likewise, Kheradmand et al. \[[@bib13]\] used hybrid polymer fibers to decrease shrinkage in the fly ash-based mortar matrix, obtaining results in reducing shrinkage cracking with only a minimum fiber content of 0.08%, reducing the width of typical crack four times, compared to unreinforced mortars. While Noushini \[[@bib14]\] used polypropylene and polyolefin fibers to improve deformation and contraction performance in fly ash-based geopolymer concretes with low calcium contents, obtaining results in the decrease of drying contraction and an increase in the compression creep in the Geopolymer concrete, at both early ages and in the long term, through adding a volume fraction of 0.5% fiber.

On the other hand, the more the plastic industry grows, the more the environmental problems and pollution increases. Especially nondegradable plastics and their macro-, micro or nanoforms jeopardize the life of living organisms. Producers sometimes use fillers for different purposes like to protect the plastic against the UV light, antioxidants, hardeners, plasticizers, etc. One of those fillers is bisphenol A (BPA). According to scientific studies, the BPA affects the reproductive system of the marine creatures, and that is why some fish type may disappear in the future if appropriate actions are not taken \[[@bib15]\].

An alternative way to protect the environment, land animals, marine species, and decrease the use of plastics is recycling and use the recycled plastics as reinforcement fibers in the matrix of construction and building materials. There are various studies in the literature using both natural and synthetic nondegradable polymers as reinforcement materials in concrete and geopolymeric structures \[[@bib16], [@bib17]\].

Geopolymer cement prepared based on different raw materials have shown promising and similar properties comparing to OPC that is they are considered as an environmentally friendly alternative to OPC \[[@bib18]\]. As well-known in the literature, the geopolymers are the products of geopolymerization reaction which the reaction among a raw material rich in silica and alumina such as fly ash \[[@bib19], [@bib20], [@bib21]\], blast furnace slags \[[@bib22], [@bib23], [@bib24]\] and natural zeolite \[[@bib25], [@bib26], [@bib27]\], and an alkaline solution to form a paste that presents characteristics of a binder \[[@bib28]\].

Alcantara-Ortega *et al.* \[[@bib29]\] used calcium hydroxide to activate natural zeolite (Clinoptilolite) and resulted in a geopolymer mortar with about 38,7 MPa of compressive strength after curing it for 28 days at 50 °C. Villa *et al.* \[[@bib30]\] used a mixture of sodium silicate and sodium hydroxide (7 M) solutions to activate a clinoptilolite and heulandite-rich natural zeolite. They have reported that a maximum compressive strength of 33 MPa after curing for 28 days at 40 °C. Nikolov *et al.* \[[@bib26]\] prepared clinoptilolite based geopolymers using three different alkaline activators like sodium carbonate, sodium hydroxide, and sodium silicate. The study showed that the best alkaline activator by means of the compressive strength for a curing time of 28 days was sodium silicate (water glass).

There has been a development in construction materials which can provide reinforcement specifically for seismic zones \[[@bib31]\] and reduce the formation of internal cracks by plastic retraction due to the drying \[[@bib18]\]. For this other kind of fibers like steel \[[@bib32], [@bib33]\], polypropylene \[[@bib18], [@bib34], [@bib35], [@bib36]\], and natural fiber \[[@bib37], [@bib38]\] have been used. In previous studies, the effect that caused fibers of different nature (acrylic and polypropylene) in the tenacity and resistance to the impact of alkaline mortars were analyzed. It was shown that with low fiber content (0.2% v/v), the measured properties are not affected. While with higher fiber content (1% v/v), these values increase. It was also verified that polypropylene fibers improve the impact resistance than acrylic fibers does \[[@bib18], [@bib33]\]. Banthia and Gupta \[[@bib35]\] reported that reinforcement with PPF up to 0.3% can improve the mechanical properties of the concrete against the plastic shrinkage and cracks.

Some studies demonstrated that adding a quantity of calcium hydroxide as an extra alkaline activator for the aluminosilicate mass improves the mechanical properties of the yielded geopolymers \[[@bib39], [@bib40], [@bib41]\].

In this study, the results of polypropylene fibers-reinforced Ecuadorian natural zeolite based-geopolymer mortars have been presented for the first time. The aim of the PP fiber used as reinforcement materials is to analyze the possibility of the use of recycled plastics in potential reinforcement of geopolymer based mortars. Different quantities of polypropylene fiber have filled the geopolymer mortars (by wt.% of 0, 0.5 and 1) and varying amounts of calcium hydroxide (by wt.% 0.5, 1.0 and 1.5) with respect to the mass of zeolite rich tuff used.

2. Materials and methods {#sec2}
========================

2.1. Raw materials {#sec2.1}
------------------

The Ecuadorian zeolite-rich tuff was supplied by INDAMI SA, whose particle size was mainly \~200 μm. The tuff was dried at 80 °C for 24h in a laboratory oven, then its particle size reduced to less than 45 μm by a ball miller. Samples of the tuff were analyzed by quantitative X-ray diffraction (XRD) showing its mineralogical composition as can be seen in [Figure 1](#fig1){ref-type="fig"}. The XRD results of the sample analyzed after a milling process showed that the zeolite-rich tuff is mainly composed of the minerals like mordenite (\~9%), calcite (\~23 %), quartz (\~20%) and amorphous content (\~48%).Figure 1Quantitative XRD analysis of raw materials, natural zeolite rich tuff, and river sand.Figure 1

The geopolymer mortars were prepared using natural zeolite rich-tuffs and river sand collected from the banks of the Pastaza River. This sand was carefully obtained to avoid impurities and washed its use in geopolymer mortar preparation. Besides, the sand was dried at 80 °C for 24h, then sieved by ASTM mesh between No. 30 and 40. XRD was used to elaborate the mineralogical composition of the sand, and the results are as follows (see [Figure 1](#fig1){ref-type="fig"}): anorthite (\~0.2%), albite (\~74 %), quartz (\~11%), amorphous content (\~4%).

Alkaline activators were selected based on previous articles that showed good values of compressive strength \[[@bib42], [@bib43], [@bib44]\]. NaOH (Merck) with a purity of 99%, Na~2~SiO~3~ (Merck) with specifications: Na~2~O between 7.5 and 8.5%, and SiO~2~ between 25.5 and 28.5. Ca(OH)~2~ with a purity of 96%. Since the solubility of Ca(OH)~2~ is very low, it was used as the solid additive with varying amounts 0.5--1.5 wt.% with respect the mass of the raw material used (see [Table 1](#tbl1){ref-type="table"}).Table 1Mixing design for geopolymer mortar synthesis.Table 1Mix IDActivator/zeolite ratioNa~2~SiO~3~/NaOH ratioRiver Sand (g)Zeolite (g)Ca(OH)~2~ (wt.%)PP fiber (wt.%)GM-05-00.53135900.50GM-1-00.531359010GM-1.5-00.53135901.50GM-05-050.53135900.50.5GM-1-050.531359010.5GM-1.5-050.53135901.50.5GM-05-10.53135900.51GM-1-10.531359011GM-1.5-10.53135901.51[^1]

Commercially available polypropylene fibers (PPF), 150-e3 (provenance with a length of \~12--19 mm) have been used to be evaluated whether it affects the mechanical properties mainly compressive strength of geopolymer mortars or not.

2.2. Synthesis, testing, and characterization {#sec2.2}
---------------------------------------------

The zeolitic tuff and fine aggregates were mixed manually for 5 min then activated by using different alkaline solutions of NaOH (10 M) and Na~2~SiO~3~ to synthesize geopolymer mortar. These solutions were prepared in proportions of Na~2~SiO~3~/NaOH = 3. Also, they were mixed with varying percentages of Ca(OH)~2~ such as 0.5, 1.0, and 1.5 wt.% zeolitic tuff, and PPF, 0, 0.5 and 1.0 wt.%. All specimens were prepared with a constant ratio of liquid to solid (activator/zeolite = 0.5) and a constant rate of sand/zeolite = 1.5. For all samples, an extra amount of water of 26 mL was added to keep workability steady. The raw materials were mixed for 3 min up to get a homogeneous mixture. Then the mixture was cast in cubic molds of 5 cm^3^ following the standard ASTM C109/C109 M-16a \[[@bib45]\], for the compressive strength test (see [Figure 2](#fig2){ref-type="fig"}). Samples were cured in the molds for 24 h at 60 °C, covered with a plastic bag to prevent rapid dehydration and possible drying-shrinkage of the mortars \[[@bib46]\]. Afterward, these samples were demolded and kept at room temperature and conditions (on average 25.4 °C and 50.1% relative humidity) for six days more before the compressive strength tests. Three samples of each composition were prepared (See [Table 1](#tbl1){ref-type="table"} for the details of each mix design).Figure 2The compressive strength of natural zeolite-based geopolymer mortars.Figure 2

Compressive strength test was performed for three mortar specimens of each composition, these tests were run in the equipment SHIMADZU ® model UTM-600KNI, based upon standard ASTM C109/C109 M-16a \[[@bib45]\].

Like for raw materials, geopolymer mortars are characterized by quantitative X-ray diffraction using PANanalytical ® model X\'pert. The samples were prepared as follows. First, fractured pieces of geopolymer mortar from compressive strength tests were collected. The collected samples were milled by using pestle and mortar up to an average size of 45 μm. Then an aliquot of 0.6 g was picked up and then mixed with 0.06 g (10% sample wt.%) of ZnO, the internal standard. The operating conditions were: 45 kV; 40 mA and scanning range of 5--80 (°2Theta) with step size 0.02° to 2 s of scan time per step, using a conventional X-ray tube (Cu_Kα radiation) and a multi-channel X\'Celerator detector with anti-scatter protection. HighScore Plus ® software was used for the quantification of the mineralogical composition of each sample.

The thermal behavior and the thermal stability analysis of both raw materials and geopolymer mortars were carried out using a TA® Instruments Q-600 equipment, simultaneous thermal analyzer STD. For this analysis, the samples were milled by using pestle and mortar up to an average particle size of 45 μm. Then an aliquot of approximately 10--15 mg was picked up and then poured into alumina crucibles. The operating conditions were nitrogen flow 100 mL/min, the heating ramp of 20 °C/min at a temperature ranged from room temperature to 1000 °C.

A Perkin Elmer Spectrum 100 model spectrophotometer was used to determine the main functional groups in the geopolymer mortars. For this purpose, the KBr pellet method has been used, and the samples were analyzed in the range of 4000--400 cm^−1^ with an average of 10 scans.

Morphology and the degree of geopolymerization (concerning the increase of amorphous content) of the geopolymer mortars specimens were studied using an Inspect S model FEI® scanning electron microscope equipped with an Energy Dispersive Spectrometer (EDS). Operating conditions used were as follows high vacuum, a pressure of 12 Pa, an acceleration voltage of 14 kV and 3 as spot size.

3. Results and discussion {#sec3}
=========================

3.1. Compressive strength {#sec3.1}
-------------------------

The effect of calcium hydroxide content on the compressive strength of geopolymer mortars at an early age (i.e., seven days) are shown in [Figure 2](#fig2){ref-type="fig"}. The mechanical performance of the samples varied according to the percentage of PPF and the amount of Ca(OH)~2~ were used in the matrix of the geopolymer mortars. As seen in [Figure 2](#fig2){ref-type="fig"}, the compressive strength of the composite material reinforced with 0.5 wt.% PPF and 1.5 wt.% Ca(OH)~2~ presents a considerable increase in the compressive strength compared to the other samples, while there was an adverse effect on the mechanical performance of the compounds with the highest amount of polypropylene fibers (\>1 wt.%). Similar results were reported in other investigations related to fly ash-based geopolymer mortars \[[@bib47], [@bib48]\]. It was observed that there is an association between the addition of fraction/volume of PPF and the low mechanical performance in the compounds reinforced with PPF. The same adverse effect related to a higher amount of PPF has been observed in our study as well. This adverse effect is probably due to the not homogenous distribution and agglomeration of PP fiber inside the geopolymer mortar matrix. The less workability of geopolymer mortars consequently would lead the decrease in collision of the reactants which cause the formation of geopolymer cement. However, the reduction in workability of the fresh, composite matrix could also be caused by the Ca(OH)~2~ content that contributes to the adverse effect of workability. It could be one cause for complications at the moment of compaction in the molds, thus forming cracks over the surface of geopolymer samples. As can be seen in [Figure 2](#fig2){ref-type="fig"}, as the percentage of PPF increases, the mechanical resistance decreases, and this agrees with the low workability that the mixtures present.

One of the most critical impacts of fiber reinforcement is preventing the significant deformation of the mortars. As clearly seen in [Figure 4](#fig4){ref-type="fig"}, the compactness of the mortar samples with and without the reinforcement after the compressive strength tests. So, the fibers give high structural stability to the geopolymer mortars. The samples without the reinforcement are demolished, but the samples with PPF reinforcement are compact without destruction.

In summary, the geopolymer mortar showed the highest compressive strength was that of NaOH (10 M), Na~2~SiO~3~/NaOH = 3, Ca(OH)~2~ = 1.5 wt.% and PPF = 0.5 wt.%. These reinforcement mortars did not present cracks on the surface, and after compressive strength tests, these samples with reinforcement did not break completely (see [Figure 3](#fig3){ref-type="fig"}).Figure 3The difference between reinforced and non-reinforced blocks after the compressive strength test.Figure 3

3.2. X-ray diffraction analysis (XRD) {#sec3.2}
-------------------------------------

The quantitative X-ray diffraction using Rietveld refinement method was done to all geopolymer mortars and raw materials. The zeolitic tuff used a solid precursor was composed of mordenite (\~9 %), calcite (\~23%), quartz (\~20%), amorphous content (\~48%). In the case of sand, it was mainly composed of albite (\~74%), quartz (\~11%), amorphous content (\~4%), and Hornblende (HOR) (11%) as the secondary phase. The mineralogical composition of geopolymer mortars grouped by PP fiber content is shown in Figures [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}. As a result, calcite, quartz, and albite kept almost constant (see [Figure 4](#fig4){ref-type="fig"}.) their original substances after alkaline activation regardless of the amount of PPF. This result suggests that those minerals did not take part in the geopolymerization reaction. It is well known the inert character of quartz and albite \[[@bib40]\] as reported in previous studies. The solubility of in the reaction ambient calcite depends on the level alkalinity. Some researchers reported that calcite showed low reactivity in such systems; although its reactivity increases when the alkalinity decreases \[[@bib49], [@bib50]\].Figure 4Mineral composition of the geopolymer mortars elaborated by QXRD.Figure 4Figure 5QXRD analysis of the geopolymer mortars different amounts of Ca(OH)~2~ and without reinforcement with PPF.Figure 5Figure 6QXRD analysis of the geopolymer mortars with 0.5 wt.% PPF and different amounts of Ca(OH)~2~.Figure 6Figure 7QXRD analysis of the geopolymer mortars with 1 wt.% PPF and different amounts of Ca(OH)~2~.Figure 7

The natural zeolites, mordenite, and clinoptilolite, unlike the Albite, quartz, and calcite showed different behavior in the reaction. Their contents decreased after seven days of reaction; in fact, the only mordenite was able to be detected by X-ray diffraction. This result suggests that both mordenite and clinoptilolite took place and consumed as the source of alumina and silica for geopolymerization transforming into amorphous content in the geopolymeric matrix.

Among geopolymer mortars, the contents of amorphous were similar after seven days of reaction. The amorphous content can be considered as one criterion of evaluation of the reaction degree.

3.3. Morphological analysis by SEM-EDS {#sec3.3}
--------------------------------------

[Figure 8](#fig8){ref-type="fig"} shows the SEM micrographs of the geopolymer mortars with and without PPF reinforcement in which a significant amount of amorphous content can be observed. All series showed more compact matrix as the content of calcium hydroxide increased regardless of the amount of PP fiber. The compact and amorphous matrix is mostly related to the geopolymeric structure and probably to the calcium silicate, which forms during geopolymer mortar preparation. The reason for the decreasing of workability with the increase of the amount of the Ca(OH)~2~ is due to the formation of solid CaO.SiO~2~. The geopolymer gel gets solidified by the addition of Ca(OH)~2~ to the mixture and the formation of CaO.SiO~2~ give a short term strength and hardness. The reaction is between calcium hydroxide and sodium silicate, forming the salt mentioned above.Figure 8SEM micrographs of the samples of geopolymer mortar samples, a,d) PPF = 0 wt.%. with Ca(OH)~2~ = 0.5 wt.%, b,e) PPF = 0.5 with Ca(OH)~2~ = 1 wt.%. and c,f) PPF = 1.5 with Ca(OH)~2~ = 1,5 wt.% with different magnifications.Figure 8

As seen in the [Figure 8](#fig8){ref-type="fig"}, there are some particles which can be attributed to unreacted zeolite within the geopolymer matrix, albite from sand and possible carbonates like CaCO~3~ and Na~2~CO~3~ possibly formed due to the reaction between alkaline activators and the CO~2~ during the curing time. Some researchers \[[@bib33], [@bib47], [@bib48], [@bib51]\] reported that unreacted particles within the geopolymeric matrix led to low values of compressive strength. Mainly Na~2~CO~3~ can be formed in both with and without PPF reinforced geopolymer mortars due to the reaction of NaOH with CO~2~ (see fiber-like formations in a, b and c images in [Figure 8](#fig8){ref-type="fig"}.). Those fiber-like formations are the crystals of Na~2~CO~3~, and it is proved by semi-quantitative SEM-EDS as well (see Fig. S5. in Supplementary file). The experimental elemental analysis of those crystalline phases obtained by SEM-EDS is very close to the theoretical elemental analysis of Na~2~CO~3~. As seen in [Figure 8](#fig8){ref-type="fig"}, reinforced geopolymer mortars have Na~2~CO~3~ formed around the fibers. That type of carbonates is probably due to the channels formed, which are due to the least interaction between the nonpolar structure of PPF and polar structure of geopolymeric matrix. So, it can be estimated that CO~2~ molecules migrated through those channels inside the geopolymer matrix and reacted with alkaline activators forming carbonates. Recent literature shows that carbonation has a positive impact on the durability of natural fiber reinforced cementitious composites, increase the strength, and decrease water absorption by increasing the density \[[@bib52]\].

[Figure 8](#fig8){ref-type="fig"} (b,c,e and f images) shows the smooth surface of PP fiber and its original shape remained. It seems that there was not any chemical degradation of PPF and it doesn\'t have a chemical bonding with the aluminosilicate matrix, thus forming a less resistant geopolymer mortar reinforced with higher PPF content \[[@bib48]\]. Similar studies \[[@bib47], [@bib48]\] agreed with these results suggesting that the shape and smooth appearance of PPF fibers explained the low mechanical performance of geopolymers reinforced with PPF.

The effect of hydrophobicity and the contraction that occurs in the fiber-matrix interaction of the reinforced composites with PPF can explain the low compressive strength observed in such materials. PP fibers behave as a hydrophobic material that originates from its non-polar chemical structure and its nanoscale corrugated roughness. Therefore, the PPF has the effect of repelling water \[[@bib48], [@bib53]\] which means that it does not absorb water, and harm the drying of the geopolymer matrix. This effect can produce air bubbles trapped between the grooves of the surface of the fibers and the geopolymer mortar. Also, geopolymer compounds shrunk over time, that implies the formation of internal stress in the specimens, thus resulting in the detachment of the fibers from the geopolymeric matrix \[[@bib48]\].

### 3.3.1. Thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) {#sec3.3.1}

[Table 2](#tbl2){ref-type="table"} shows the results of the weight loss as temperature rises for all samples. In summary, the effect of PPF and Ca(OH)~2~ on the weight loss of geopolymer mortars with and with PPF was meaningless. In this table, there was a significant loss of mass between 25 and 100 °C. That mass loss is attributed to the evaporation of pore water, and it is due to short-term curing conditions (7 days) and can be reduced under long-term curing conditions \[[@bib54], [@bib55]\]. The mass loss in the range of 100--300 °C is attributed by the loss of the intermolecular and crystalline water exist in the geopolymer structure. An additional mass loss is observed in the range of 300--500 °C, which is attributed to the dehydroxylation of the Si--OH and Al--OH groups presented in the geopolymer mortars \[[@bib54], [@bib56]\]. It is also due to the loss of fiber polypropylene which degrades in the temperature range between 400-500 °C, as seen in Fig. S1 (in Supplementary file).Table 2Thermogravimetric analysis of the geopolymer samples and PP fiber.Table 2Mix IDTemperature range (°C)/Mass loss (%)RT-250250--500500--800RT-1000GM-0.5-05,062,134,111,71GM-1-03,011,414,268,92GM-1.5-053,151,633,989,07GM-0.5-053,522,013,669,32GM-1-053,082,983,8010,11GM-1.5-054,931,933,9711,16GM-0.5-13,022,523,839,60GM-1-13,142,493,639,52GM-1.5-12,9842,693,589,53PPF1 (melting 160)[^2]

The highest percentage of mass loss for all samples is in the temperature range of 500--750 °C. This mass loss can be attributed to the decarbonization of carbonates naturally included in the zeolite, and potential byproducts such as CaCO~3~ and Na~2~CO~3~ formed due to the excess of activator used and CO~2~ \[[@bib54]\].

Fig. S3 (in Supplementary file) shows overlaid DSC plots of all samples in which can be seen that all the samples are presenting similar characteristics. Two characteristic peaks are observed in all thermograms; one or two endothermic peaks at low temperatures and one exothermic peak at higher temperatures. Concerning heat flow, water evaporation, dehydroxylation, and carbonation processes are endothermic reactions. The endothermic peak in the DSC thermograms lies in the range between room temperature and 200 °C, and this was attributed to the evaporation of free water in the geopolymer structure, as mentioned before. Starting at 750 °C, DSC plots showed the onset of the exothermic phenomenon. This peak could be caused by the recrystallization or reorganization of phases found in the samples, which can form new phases at such high temperatures \[[@bib54], [@bib56]\]. According to [Table 2](#tbl2){ref-type="table"}, these geopolymer mortar can be considered as thermostable from approximately 750 °C, where a total average mass loss of 11.61% (see [Table 2](#tbl2){ref-type="table"}) was observed.

3.4. Fourier transform infrared spectroscopy FTIR {#sec3.4}
-------------------------------------------------

[Table 3](#tbl3){ref-type="table"} presents the assignments of the FTIR spectra (See Fig. S4. in Supplementary file) of the geopolymer samples that showed the highest compressive strength. One of the most prominent peaks is the one that is at the wavenumber between 3467-3434 cm^−1^, which corresponds to the stretching vibration O--H (in hydroxyl groups) in water molecules or geopolymer structure. The existence of hygroscopic water is confirmed by peaks observed at 1645-1638 cm^−1^, which is due to the bending vibration water molecules inside the amorphous structure of the geopolymer mortars \[[@bib55]\]. The peaks observed between approximately 3000--2800 cm^−1^ are due to the presence of CH~2~ groups, mainly due to the presence of polypropylene in the mixture of the matrix of the geopolymer mortar. The peak observed between the wavenumber of 1455 and 1426 cm^−1^ is due to the stretching vibration of O--C--O, which is due to the formation of calcium carbonate and sodium carbonates \[[@bib55]\]. The least significant peaks are found in the wavenumbers between 1041 and 1031cm^−1^, due to the asymmetric vibration of the Si--O--Si and Al--O--Si groups, and between 799 and 610 cm^−1^ which is due to the symmetric stretching vibration of the Al--O bonds. These peaks are the evidence for the formation of the geopolymer is likely produced due to the dissolution of the silicates and aluminates presented in the zeolite rich tuffs which can be dissolved in the alkaline solution \[[@bib26]\].Table 3Frequencies of the absorption bands (cm^−1^) taken from the spectra (Fig. S4. in Supplementary file) of the geopolymer samples.Table 3Mix IDWavenumber (cm^−1^)AssignmentO--H stretching vibrationH--O--H molecular bendingC--O (sodium, calcium) carbonates stretching modeSi--O-T (T = Si, Al; where Si and Al are tetrahedral), and asymmetric stretching, O--C--O stretching modeSi--O--Si bond (presence of quartz), symmetric stretchingSi--O--Si/Al--O--Si, symmetric stretching, or C--O out of plane bendingGM-0.5-03467164214321031797714GM-1-03460164014281035798713GM-1.5-053437164114281035798713GM-0.5-053439163914311039798711GM-1-053438163814371035798714GM-1.5-053434164014501035798713GM-0.5-13462164114381040798714GM-1-13437164114351036798714GM-1.5-13437164114551031796713

4. Conclusions {#sec4}
==============

In this research, the polypropylene fiber and zeolite-based geopolymer mortar matrix interaction and the effect of Ca(OH)~2~ on mechanical performance and thermal stabilities of the mortars have been studied.

The best mix design with respect to the maximum compressive strength obtained was: Na~2~SiO~3~/NaOH (10 mol/L)) = 3, Ca(OH)~2~ = 1.5 wt.% and PPF = 0.5 wt.%.

The PPF can improve the compressive strength of the samples which have been cured for seven days. On the other hand, incorporation of PPF enhances the compactness of geopolymer mortars when the samples are under a force comparing to the samples without the reinforcement.

Since the PPF has advantages as reinforcement material in the matrix of zeolite-based geopolymer mortar matrix, these types of plastics/polymers could be considered for the recycled and evaluated for potential use in the construction and civil engineering industry.
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[^1]: GM- Geopolymer Mortar; 0.5--1.5: Ca(OH)~2~ content, 0--1: PPF content.
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